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ABSTRACT 
This paper presents the ultrasonic velocity measurement 
method which  investigates the possible effects of high 
voltage high frequency pulsed power on cortical bone 
material elasticity. Before applying a pulsed power signal 
on a live bone, it is essential to determine the safe 
parameters of pulsed power applied on bone non-
destructively. Therefore, the possible changes in cortical 
bone material elasticity due to a specified pulsed power 
excitation have been investigated. A controllable positive 
buck-boost converter with adjustable output voltage and 
frequency has been  used to generate high voltage pulses 
(500V magnitude at 10 KHz frequency). To determine 
bone elasticity, an ultrasonic velocity measurement has 
been conducted on two groups of control (unexposed to 
pulse power but in the same environmental condition) and 
cortical bone samples exposed to pulsed power. Young’s 
modulus of cortical bone samples have been determined 
and compared before and after applying the pulsed power 
signal. After applying the high voltage pulses, no 
significant variation in elastic property of cortical bone 
specimens was found compared to the control. The result 
shows that pulsed power with nominated parameters can 
be applied on cortical bone tissue without any 
considerable negative effect on elasticity of bone material. 
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1. Introduction 
 
Electrical phenomena play an important and effective role 
in biophysics, biology and medicine. For instance, over 
the last four decades the application of time-varying, 
weak magnetic field, known as Pulsed Electromagnetic 
Field (PEMF), has opened a new, gateway to connective 
tissue research and treatment for musculoskeletal 
disorders [1, 2]. A review of the advantages of PEMF 
stimulation on connective tissue in both animal and 
clinical studies and the observation of a lack of studies in 
the field of  high power,  high frequency electrical fields 
application, spurred interest in investigation of the 
possibility of applying  pulsed power signals, a subset of 
PEMF, for stimulating  bone. Pulsed Power (PP) is the 
term used to describe a system, that converts low-power, 
long-time input to high-power, short-time output. These 
systems typically store energy within an electrostatic field 
(i.e. capacitors) or magnetic field (i.e. inductors) over a 
comparatively long time and releases it very quickly (in 
microseconds or less) which results in the delivery of 
larger amount of instantaneous power (several kilowatts) 
in a very short time, though the total energy is the same 
[3]. Generating such electromagnetic fields, requires high 
voltage and high current sources. To prevent from thermal 
effect, the pulse interval need to be very short [4].  
Pulsed power generator has been based on the topology of 
positive buck-boost converter (a subset of DC-DC 
converters). The output voltage can be adjusted in 
magnitude, frequency and duty cycle to determine pulsed 
power parameters. Timing of the pulsed power stimulant 
has also been considered in the experimental protocol.  
Bone is a complex tissue with several functions, 
dependent on both bone material and structure. Evaluating 
the behavior of bone in response to pulsed power 
excitation, requires assessing the functional properties of 
bone. The primary function of bone is to resist or bear 
loads applied to it through both internal and external 
forces. Additionally, it should be strong enough to resist 
breakage and remain stiff. Therefore, there is always a 
need to obtain information about bone strength and 
stiffness particularly in detecting bone diseases and 
investigating the effect of an external stimulus. The 
anisotropic and inhomogeneous structure of bone causes 
some problems in determining the mechanical properties 
of bone via conventional mechanical testing. 
Viscoelasticity in bone (strain rate dependency) and 
environmental conditions (like temperature and bone 
hydration) are other factors that can influence the 
outcomes especially when mechanical tests continue over 
a long period. An alternative, non-destructive method is 
ultrasonic bone measurement that can present direct 
information about the elastic properties of bone and can 
predict whole bone strength [5]. By preparing small 
parallel-sided specimens, ultrasonic technique provides 
several anisotropic property measurements of a single 
bone specimen. In addition, it can use smaller, less 
complicated bone samples compared to conventional 
mechanical testing methods[6]. In the work presented 
here, an ultrasonic velocity measurement was conducted 
to determine the possible changes in elastic properties of 
cortical bone due to pulse power excitation. Running the 
procedure in water, prevents the bone from dehydration 
during the test and can control the effects of the 
environmental conditions on bone properties. This method 
used small size samples, increasing the possible influence 
of the pulse electric field on bone material structure. 
 
2. Theoretical consideration  
 
According to the theory of small amplitude elastic wave 
propagation in anisotropic solids [7, 8], the rate at which 
shear or longitudinal waves travel through solid matters is 
dependent upon its elastic properties and density. A 
longitudinal wave is generated when the transmitter 
vibrates in the same direction as wave propagation. If the 
transmitter vibrates in a perpendicular direction to the 
wave propagation, shear waves are produced. Both 
longitudinal and shear waves can propagate in two modes 
inside the bone based on specimen geometry compared 
with the wavelength of the waves (velocity/frequency). If 
the cross-sectional dimension of the specimen is greater 
than the ultrasound wavelength, the wave does not 
perceive the sample boundaries. It is referred to as bulk 
wave propagation. The second case, where the 
characteristic specimen dimensions are smaller than the 
wavelength, is called bar wave propagation. In this case, 
the ultrasound wave propagates as a complex bar wave, 
consisting of both shear and longitudinal waves and the 
entire specimen cross section is excited by the passing 
wave[9, 10]. 
For bulk wave propagation, velocity is given by[11]: 
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Where K is bulk modulus and G is shear modulus which 
for isotropic material are defined by Young’s modulus (E) 
and Poisson’s ratio (ν) as: 
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 For bar wave propagation, the velocity can be defined 
directly by Young’s modulus and density given as[10, 
11]: 
   
 
 
             (4) 
Where v is velocity, E is young’s modulus and ρ is 
density.  
Therefore, if the density of bone samples and the 
ultrasound velocity are specified, the Young’s modulus is 
determined as: 
        (5) 
To measure the ultrasound wave velocity the time 
required for the wave to pass through the specimen, is 
measured using the substitution method. In this method, 
the difference in ultrasound transit time with and without 
a sample in the position gives the time delay.  
 
3. Materials and Methods  
 
3.1   Sample preparation 
 
A fresh sheep tibia was obtained from a slain ovine 
sacrificed within 24 hours of slaughter. The surrounding 
soft tissue was removed from the bone and the tibia was 
wrapped in a 0.9% physiologic saline soaked cloth and 
stored at -20 ˚C until required for testing. Prior to sample 
treatment, the tibia was thawed for at least one hour. 
Parallel-side cubic specimens were prepared from the 
cortical dyaphysis of the ovine tibia. Producing a parallel 
surface is crucial for accurate determination of ultrasound 
velocity and bone elasticity. Therefore, cutting was 
conducted with a linear high precision saw (Isomet 5000) 
while the bone was kept moist. The physical dimensions 
of bone samples with consideration of their orientation in 
respect to the bone axis were measured as follows: 
1.Longitudinal(L): 10.3±0.05mm 2.Tangential(T): 
3.21±0.16 mm 3. Radial(R): 1.91±0.96mm . 
The specimens were labeled according to their site and 
segregated randomly into two groups of PP-exposed 
samples which were exposed to high power, high 
frequency pulses (pulse power) and control specimens 
which were kept in the same environmental conditions as 
PP-exposed samples, but without pulse power excitation. 
3.2  Density measurement  
It is necessary to measure cortical bone specimen density 
to calculate Young’s modulus form ultrasonic technique.  
True volumetric density of cortical bone samples was 
derived via microCT utilizing Scanco μCT40 scanner 
before and after pulse power excitation. The calibration 
phantom was applied to convert Hounsfield numbers into 
volumetric density. Obtaining bone stiffness, the BMD 
(Bone mineral density) from microCT data substituted 
into (5) and combined with ultrasound velocity as[11]: 
            (6) 
No significant variation (using two-tail paired t-test) 
was found in cortical bone density due to pulse power 
stimulation. Table 1 presents the bone specimen density in 
mean value ± standard deviations (SD). 
 
Table 1 
The Mean value ± standard deviation for bone density of 
cortical bone specimens before and after pulse power 
excitation 
Density 
measurement 
Before PP 
excitation 
After PP 
excitation 
P value 
MicroCT 
(g/Cm3) 
1.148±0.049 1.165±0.06 0.33(>0.05) 
 
3.2   Experimental Procedure 
 
3.2.1   Ultrasound velocity measurement 
The equipments listed below were used To perform high 
precision measurement of ultrasound velocity,:  
I) High frequency pulser-receiver (Panametrics PR5800)  
II) Water tank containing two matched 5MHz, 12.5 mm 
diameter ultrasound transducers; one was acting as 
transmitter and the other as receiver. They were 
highly damped to provide short pulses (Fig. 1).  
III) 100 MHz PC-housed digitization card (NI PCI5122)  
 
 
Figure 1. Ultrasound velocity measurement set up in 
water tank 
 
The water tank was filled with warm water to above the 
face of the upper transmitting transducer and the water 
temperature was measured and recorded. Existence of any 
air bubbles on the faces of both transducers was checked 
regularly and if present, wiped away. The cables were 
connected between computer and pulser-receiver in their 
appropriate locations and the initial setting on the pulser-
reciever was carried out. Ultrasound waves produced by 
the transducers were monitored and recorded in “Lab 
view Signal Express” software.  
The “substitution” method was applied to calculate the 
ultrasound velocity. In this method, the difference in 
ultrasound transit time with, and without, a sample in 
position was measured and recorded. The cortical bone 
specimen whose density and dimensions were measured 
previously, was then placed on top of the downer 
transducer. The second cursor was placed on the initial 
peak of new ultrasound wave while it passed through the 
sample. The difference between the two cursors gave the 
difference transit time of the ultrasound wave through the 
sample Using the water temperature (T  ), measured 
transition time (dt) and sample thickness(D) in each 
direction, the ultrasound velocity in water(Vo) and 
through the sample (Vs) are calculated as [12]: 
Vo = 1405.03 + 4.624T – 0.0383T2    (7) 
Vs=
  
     
  
 
 
      (8) 
Ultrasound velocity was measured 5 times in longitudinal, 
tangential and radial directions before and after pulse 
power excitation. The average of the measurements was 
used for calculation. Since the lateral dimension of 
cortical bone samples were small (compared with 
ultrasound wavelength), this study assumed that the bar 
wave was propagated through the sample and therefore 
the straightforward eq.(5) was used to calculate Young’s 
modulus of bone samples. 
 
3.2.2 Pulse Power excitation  
The Pulse Power (PP) generator was a Positive Buck 
Boost (PBB) converter, built and tested, in the power 
electronic group, School of Engineering Systems, Faculty 
of Built Environment and Engineering, QUT. The PBB 
circuit was installed in a box with lead for safety and 
simplicity of displacement. The output pulses parameters 
(magnitude, frequency and duty cycle) were controlled 
using a programmed microcontroller. A TMS320F28335 
Digital Signal Controller (Texas Instruments) achieved 
the control of the output pulses in the pulse power 
generator. The output was pulse to 500V magnitude with 
10 KHz frequency and adjusted by four potentiometers 
controlling magnitude, frequency and duty cycle of the 
pulses. The pulsed power signals were delivered through 
two wire leads attached to two series of metal screws to 
increase the electric field intensity applied on bone 
samples. Since the direct connection of screws and cables 
with bone provides very low impedance, a significant 
current can pass through the bone, making dry and 
causing to burn. Therefore, screws were covered by 
electrical isolation tape to change the characteristics of the 
bone from a resistive load to a capacitive load. The pulsed 
electric field was then applied to the bone samples 
(capacitive coupling method) and in this case the thermal 
effect was reduced while the electric field effect on the 
bone structure was increased. Fig. 3 shows the waveform 
of applied high voltage pulses on PP-exposed samples. 
After the first stage of the ultrasound velocity 
measurement, small cortical bone specimens in the PP-
exposed group were placed in the radial direction between 
isolated screws for stimulation. They were exposed to a 
high voltage, high frequency pulsed electric field for 144 
hours continuously. Specimens from the control group 
were placed in similar environmental condition as the PP-
exposed group but they were not exposed to the pulse 
power field, to consider any possible effect of 
environment on the results. All samples were kept moist 
during the experiment, with 0.9% physiological saline. 
The bone specimen density and the ultrasound velocity 
were then measured again for both control and PP-
exposed samples and their elastic properties calculated 
using Eq. (5). 
 
Figure 2 The waveform of voltage pulses with 500 V and 
10 KHz  
4. Results 
 
Ultrasound velocity was measured in three main 
orthogonal directions of cortical bone cubic samples 
namely 1) longitudinal, 2) radial and 3) tangential. 
Young’s modulus of cortical bone specimens in both PP-
exposed and control groups were calculated using Eq. (5). 
All data is expressed as means ± standard deviation and 
analysed by one-way analysis of variance (one-way 
ANOVA) to determine whether the differences in the 
means of velocities and elastic properties of control and 
PP-exposed samples are significant. The two-tail paired t-
test analyses was carried out to compare the ultrasound 
velocity and Young’s modulus variation in each group 
(control and PP-exposed) before and after pulse power 
excitation. All differences were considered significant at 
the value P<0.05(95% confidence). Table 2 presents the 
values of ultrasound velocities and Young’s modulus, 
before and after PP excitation. 
Table 2 
Mean value± standard deviation for ultrasound velocity 
and Young’s modulus of sheep tibial cortical bone before 
and after pulse power excitation for PP-exposed group in 
longitudinal, radial and tangential directions respectively 
 
The mean ultrasound velocity passing through the 
samples and Young’s modulus of PP-exposed samples did 
not change significantly after pulse power excitation 
compared with the initial measurement (P>0.05).  
Young’s modulus of cortical bone samples and the 
ultrasound velocities in the control specimens compared 
with those of the PP-exposed samples (after pulse power 
excitation) are summarised in Table 3. 
The ultrasound velocity and Young’s modulus of the 
cortical samples, exposed to high power, high frequency 
pulses were not statistically different from that of  the 
control groups(>0.05).  
 
Table 3 
Mean value and standard deviation of ultrasound velocity 
and Young's modulus in PP-exposed groups after pulse 
power excitation compared with control group in the same 
time 
 
5. Discussion and Conclusion 
 
This study analyzed the harmless high magnitude, high 
frequency pulse electric field with 500V magnitude and 
10 KHz frequency on ovine tibial cortical bone material 
using an ultrasonic technique. Ovine bone is structurally 
and hormonally similar to human bone and therefore 
useful model in orthopedic and trauma research[13]. 
Performing the experiments in two parallel groups, with 
and without pulse power application, but in a similarly 
controlled environmental condition, is likely to omit the 
possible influence of the other issues on elastic properties 
of bone material. There appeared to be no statistically 
significant changes in ultrasound velocity passing through 
the samples and bone density in both groups before and 
after pulse power excitation. The comparison of the 
elastic properties of cortical bone samples in control and 
PP-exposed groups also confirmed that application of 
high power pulse electric field with 500V magnitude and 
10 KHz frequency in the period of 144 hours did not 
effect significantly the elastic properties of sheep cortical 
bone. This result is promising for the next step of 
applying pulse power to live bone cells and other animal 
or clinical studies. 
Inhomogeneity and anisotropy of bone tissue have always 
been challenging issues in determining mechanical 
properties of bone using conventional mechanical testing. 
Bone hydration, viscoelasticity and preparation of the 
samples were other noticeable concerns that effected the 
experiment results. For that reason, ranges of values for 
biomechanical properties of bone have been reported in 
different studies. To determine the possible effect of pulse 
power simulation on the elastic property of cortical bone 
(bone material), it is best to use a non-destructive method 
with less effect on bone structure which allows the same 
sample to be tested before and after excitation (to avoid 
any changes due to anisotropy and inhomogeneity of bone 
tissue from point to point). Ultrasonic techniques 
comprise significant advantages in determination of 
elastic properties of bone, in comparison with mechanical 
testing methods. It is a non-invasive, non-destructive 
method, which uses small samples with less complicated 
shapes. It also allows measurement of  bone elastic 
property in multi directions reducing the errors caused by 
unidirectional measurement techniques[5]. 
This study shows the inequalities of value of elastic 
properties of bone in different directions and is consistent 
with similar research. Although it has been shown that 
Parameter  PP-exposed 
samples before 
excitation 
PP-exposed 
samples after 
excitation 
P value 
V1 (m/s)    4032±355.6   4562± 137.1 0.1772 
V2 (m/s)    3774±391.3   3810± 111.7 0.8644 
V3 (m/s)    3937±153.9   4191± 303.7 0.7545 
E1 (GPa) 18.63±2.656 22.17± 1.476 0.1127 
E2 (GPa) 16.36±2.873 17.06±1.079 0.6938 
E3 (GPa) 17.72±1.519 20.75± 3.431 0.50410.
5041 
 
 
Parameter PP-exposed          
samples 
Control samples P value 
V1 (m/s) 4562± 137.1 4423± 23.90 0.2498 
V2 (m/s) 3810± 111.7 3713± 24.66 0.3147 
V3 (m/s) 4191± 303.7 3917± 103.4 0.3033 
E1 (GPa) 22.17± 1.476 21.10± 0.158 0.3883 
E2 (GPa) 17.06± 1.079 15.79± 1.443 0.279 
E3 (GPa) 20.75± 3.431 18.52± 1.137 0.4426 
Young’s modulus of cortical bone in three main 
orthogonal directions was not affected by pulsed power 
stimulation, analysis of the elastic properties of the bone 
sample in other directions and levels inside the sample 
could be useful to determine the full effect of electrical 
stimulation on bone structure. Furthermore, this work 
applied pulsed electric filed in one bone crosswise 
direction (radial direction). For a more complete 
assessment, analysis of the other directions of pulse power 
excitation would be required.  
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